We have systematically studied the influence of Si doping on the optical characteristics of InGaN/GaN multiple quantum wells (MQWs) using photoluminescence (PL), PL excitation (PLE), and time-resolved PL spectroscopy combined with studies of optically pumped stimulated emission and structural properties from these materials. The MQWs were grown on 1.8-µm-thick GaN layers on c-plane sapphire films by metalorganic chemical vapor deposition. The structures consisted of 12 MQWs with 3-nm-thick InGaN wells, 4.5-nm-thick GaN barriers, and a 0
INTRODUCTION
Group III nitride semiconductors and their heterostructures have recently attracted much attention for their versatile applications as light emitting devices, solar-blind ultraviolet detectors, and high power/high temperature/high frequency devices [1] [2] [3] [4] [5] [6] . Much interest has been focused on InGaN/GaN quantum wells (QWs) because of their applications as high brightness light emitting diodes and cw blue laser diodes [1, 2] . Detailed knowledge of the effects of Si doping on the optical properties of these materials is crucial, especially for designing practical devices. Recently, the effects of Si doping on the optical properties of GaN epilayers [7, 8] , InGaN/GaN QWs [9] [10] [11] , and GaN/AlGaN QWs [12, 13] have been reported. However, the influence of Si doping on both optical properties and structural qualities in InGaN/GaN multiple quantum well (MQW) device structures is presently not well understood.
In this study, we present a comprehensive study of the optical properties of InGaN/GaN MQWs using photoluminescence (PL), PL excitation (PLE), and time-resolved PL (TRPL) spectroscopy, combined with studies of optically pumped stimulated emission (SE) and structural properties from these materials. In particular, the influence of Si doping in the GaN barriers on the characteristics of the MQWs is investigated. PL and PLE results show that increasing the Si doping concentration (n) reduces the Stokes shift of the InGaN emission. TRPL experiments show the 10 K recombination lifetime decreases with increasing n, from ~ 30 ns (for n < 1 x 10 17 cm -3
) to ~ 4 ns (for n = 3 x 10 19 cm -3 ). In addition, it is shown that Si doping improves the structural and interface properties of the InGaN/GaN MQW samples from atomic force microscopy (AFM) images. From the results, we demonstrate that Si doping in the GaN barriers affects the interface quality of the InGaN/GaN MQW systems, and influences the optical properties.
EXPERIMENT
The InGaN/GaN MQWs used in this study were grown on c-plane sapphire films by metalorganic chemical vapor deposition, following the deposition of a 1.8-µm-thick GaN buffer layer. The structures consisted of 12 MQWs with 3-nm-thick In 0.2 Ga 0.8 N wells and 4.5-nm-thick GaN barriers, and a 100-nm-thick Al 0.07 Ga 0.93 N capping layer. Trimethylgallium (TMGa), trimethylindium (TMIn), trimethylaluminum, and ammonia were used as the precursors and disilane was used as the n-type dopant. The growth temperatures of the GaN base layer, the superlattice (SL) region, and the AlGaN capping layer were 1050, 790, and 1040 o C, respectively. The TMGa and TMIn fluxes during the SL growth were 5 and 14 µmol/min, respectively, while the ammonia flow was held constant at 0.35 mol/min. In order to study the influence of Si doping in the GaN barriers, the disilane doping precursor flux was systematically varied from 0 to 4 nmol/min during GaN barrier growth. Accordingly, a doping concentration in the range of < 1 x 10 17 to 3 x 10 19 cm -3 was achieved for the different samples, which was determined by secondary ion mass spectroscopy and Hall measurements. To investigate the effect of Si doping on the GaN surface morphology, three reference 7-nm-thick GaN epilayers were also grown at 800 o C, which have different disilane flux rates of 0, 0.2, and 2 nmol/min during growth. The surface morphology of the reference samples were investigated using a Digital Instruments Nanoscope III AFM operated in tapping mode and the root-mean-square surface roughness was estimated by the AFM software. Details of the growth procedure and the other structural properties are given elsewhere [10, 14] . PL and PLE spectra were measured using the 325 nm line of a 20 mW cw He-Cd laser and the quasi-monochromatic light from a xenon lamp dispersed by a 1/2 m monochromator, respectively. TRPL measurements were carried out using a picosecond pulsed laser system consisting of a cavity-dumped dye laser for sample excitation and a streak camera for detection. The output laser pulses from the dye laser had a duration of less than 5 ps and were frequency doubled into the UV spectral region by a nonlinear crystal. The overall time resolution of the system is better than 15 ps. The temperature of the sample in the experiments described above was varied from 10 to 300 K. Figure 1 shows 10 K PL (solid lines) and PLE (dashed lines) spectra of the main InGaNrelated PL emission peak with the decay time plotted as a function of emission energy (open circles). The near-band-edge emission from the AlGaN cladding layer and the GaN barriers are also clearly seen at 3.60 and 3.48 eV, respectively. The PLE detection energy is set at the main PL peak energy. The contributions from the GaN barriers and the AlGaN capping layer are clearly distinguishable, and the band-edge PLE positions are coincident with the PL peak positions. A large Stokes shift of the PL emission from the InGaN wells with respect to the bandedge measured by PLE is clearly observed, which is attributed to crystal imperfections such as In alloy fluctuations and interface roughness. We observed that as the Si doping concentration increases, the Stokes shift decreases. The Stokes shift for the sample with n = 3 x 10 19 cm -3 is ~ 120 meV smaller than that of the nominally undoped sample (see Table I ). The effect of Si doping on the decay time of the MQWs was also explored using TRPL measurements. Figure 1 (open circles) shows the 10 K decay time (τ d ) monitored at different emission energies. The measured lifetime becomes longer with decreasing emission energy, and hence, the peak energy of the emission shifts to the low energy side as time proceeds. This behavior is characteristic of localized states, which in this case are most likely due to alloy fluctuations and/or interface irregularities in the MQWs [15] . A decrease in τ d with increasing Si doping, from ~ 30 ns (for n < 1 x 10 17 cm -3 ) to ~ 4 ns (for n = 3 x 10 19 cm -3 ), is clearly seen, which can be attributed to a decrease in the potential fluctuations leading to recombination.
RESULTS AND DISCUSSIONS
One should be very careful interpreting the low temperature lifetime results because the non-radiative recombination processes (which can be caused by poor sample quality) may affect the measured lifetime. To clarify this point, we investigated the temperature dependence of the lifetime as shown in Fig. 2 . For the nominally undoped sample with n < 1 x 10 17 cm -3 (open symbols), we observed an increase of τ d with temperature (up to around 40 ns for the higher energy side emission) at temperatures below 70 K, in qualitative agreement with the temperature dependence of radiative recombination. As the temperature is further increased beyond a certain crossover temperature, T c , which is determined by the radiative and non-radiative recombination rates, the lifetime starts to decrease, since non-radiative processes predominantly influence the emission. Further evidence of this is given by the fact that the lifetimes become independent of emission energy at higher temperatures. We note that T c gradually increases as n increases: T c 7 0 K for n < 1 x 10 17 cm -3 , T c ~ 100 K for n = 2 x 10 18 cm -3 (not shown here), and T c ~ 140 K for n = 3 x 10 19 cm -3 . This indicates that the decrease in lifetime is due to a decrease of the radiative recombination lifetime itself rather than an increased influence of non-radiative recombination processes. Therefore, we conclude that the decrease in lifetime with increasing n is mainly due to a decrease in potential localization, and hence, a decrease in the carrier migration time into the lower tail states in the MQW active regions.
To further study the influence of Si doping on the structural properties, AFM measurements were carried out. Figure 3 shows 2 µm x 2 µm AFM images of three reference 7-nm-thick GaN films with different disilane flow rates during growth. The root-mean-square surface roughness estimated from AFM images was 0.49, 0.42, and 0.22 nm for GaN epilayers with disilane flow rates of (a) 0, (b) 0.2, and (c) 2 nmol/min during growth, respectively. Thus, smoother GaN surfaces with more homogeneous terrace length were achieved at higher Si doping levels. In addition, the recent high-resolution x-ray diffraction (HRXRD) study showed that as n increases, the full width at half maximum (FWHM) of the higher-order SL satellite peaks narrows: the FWHM of the second order SL peaks was observed to be 589, 335, and 234 arcsec for n < 1 x 10 17 , n = 2 x 10 18 , and n = 3 x 10 19 cm -3 , respectively (see Table I ) [14] . a) see Ref. [14] b) see Ref. [11] Accordingly, we conclude that Si doping in the GaN barriers significantly improves the structural and interface quality of the InGaN/GaN MQWs. Since the incorporation of Si atoms can change the quality and/or surface free energy of the GaN barriers, it may affect the growth condition (or mode) of the subsequent InGaN wells and the interfaces [7, 16, 17] . The observed experimental results such as (i) a decrease in Stokes shift and (ii) a decrease in radiative recombination lifetime with increasing Si doping can be explained in terms of a decrease in potential fluctuations and enhancement of the interfacial structural qualities with incorporation of Si in the GaN layers. Finally, we note that the influence of Si doping on the emission efficiency and the SE threshold pump density was also investigated for the InGaN/GaN MQWs with different Si doping concentration in the GaN barriers [11] . For all the samples, power dependent PL studies show a strong blueshift of the spontaneous emission with increasing excitation density mainly due to band filling of the energy tail states. The blueshift is observed to cease shortly before the onset of SE [18] . The SE spectrum for the MQW sample with n = 2 x 10 18 cm -3 was composed of many narrow peaks of less than 1 Å FWHM and there was no noticeable broadening of the SE peaks when the temperature was tuned from 175 to 575 K. Interestingly, only moderately Si doped MQW samples exhibited enhanced luminescence efficiency and a reduction of the SE threshold (see Table I ). That is, the maximum emission intensity and the lowest SE threshold (55 kW/cm 2 ) were achieved for the sample with n = 2 x 10 18 cm -3 , while a SE threshold of 165 kW/cm 2 was obtained for the sample with n = 3 x 10 19 cm -3 . This fact, combined with the results presented in this paper, indicates that although Si doping improves the interface properties, it does not necessarily enhance the SE properties, reflecting the fact that localized carriers at potential fluctuations may play an important role in the emission from the InGaN/GaN MQW structures used for current state-of-art laser diodes.
CONCLUSIONS
We have investigated the optical properties of InGaN/GaN MQW structures as a function of Si doping concentration in the GaN barriers. As the Si doping of the GaN barriers increases, the Stokes shift of the PL emission peak with respect to the PLE band-edge was found to decrease. In addition, the radiative recombination lifetime measured at 10 K was observed to decrease significantly from ~ 30 ns for n < 1 x 10 17 cm -3 to ~ 4 ns for n = 3 x 10 19 cm -3 with increasing n. The results presented here, combined with the observed structural properties, are well explained 
